ABSTRACT Susceptible corn roots exposed to the host-selective toxin of Helminthosporium carbonum took up and retained more NO3-, Na+, Cl-, 3-o-methylglucose, and leucine than did control roots. Stimulatory effects on uptake were more pronounced with freshly cut roots than with roots that were washed and aged.
Helminthosporium carbonum Ullstrup race 1 produces a toxic compound which selectively affects the corn genotypes that are hosts of the fungus. Susceptible genotypes are those with a homozygous recessive factor at the locus conditioning disease reaction. Several lines of evidence show that the toxin is required for pathogenicity. All visible and known biochemical symptoms of infection are reproduced by the toxin (26). Thus, an understanding of disease and disease resistance should be possible from studies of toxic action. Metabolites with selective toxicity are now known from nine plant-infecting fungi, including Helminthosporium victoriae, Helminthosporium maydis race T, Periconia circinata, Alternaria kikuchiana, and Phyllosticta maydis (26, 29) .
HC toxin' is known to stimulate some metabolic systems in susceptible corn, and very low concentrations can cause increases in root growth (11) . Among the stimulatory effects are increases in respiration, in nitrate uptake, and in apparent nitrate reductase activity. Increased respiration is secondary to initial lesions occurring elsewhere; this is evident from data showing no effects of toxin on mitochondria or chloroplasts isolated from toxin-sensitive cells (28) . Likewise, the apparent effect on nitrate reductase is secondary, because the increase in activity was traced to toxin-stimulated uptake of substrate, not to increased synthesis of the enzyme (31) . Some of the other stimulatory effects of HC toxin may be secondary to initial toxic lesions. Metabolic activity induced by toxin at damaging concentrations is followed some hours later by decreased activity, cell leakiness, and death.
The purpose of this work was to determine effects of toxin on uptake and retention of representative solutes in addition to nitrate. Nitrite, C1-, SO,-, Na+, K+, Ca2+, phosphate ion (H2PO-and HP042-), 3-o-methylglucose, leucine, and glutamic acid were selected for further study. HC toxin is selective for susceptible corn in its effects on NO3-uptake, and the increase in uptake is the earliest effect of toxin reported to date (31) . An abstract describing some of the work has been published (30) .
Plant cells are thought to have at least two uptake systems for each of several ions (2, 12) . Mechanism 1 of ion transport has a high affinity for ions and functions when ion concentrations are below 0.5 mM; this system is generally thought to be located in the plasmalemma, and it accumulates ions against a concentration gradient. Ion transport mechanism 2 has a low affinity for ions and functions when ion concentrations exceed 1.0 mm. Roots are reported to have dual mechanisms for uptake of Na+, K+, Ca2+, Cl-, and phosphate and other ions (2) . We have tested the possible effects of toxin on low and high affinity uptake mechanisms in corn roots, by using a range of ion concentrations in the ambient solutions.
MATERIALS AND METHODS
Methods of growing plants, preparing toxin, and assaying for nitrate and nitrite in tissues are described elsewhere (31 In some experiments, the final rinse was followed by a brief desorption period at 24 C; the usual desorption at 0 to 5 C (4) was not used because the purpose was to determine effects on efflux under physiological conditions.
Nitrate uptake usually was measured along with other test solutes, because NO3-uptake was known to be affected by toxin (31) . Isotopes were used to measure absorption of all solutes except nitrate and nitrite. Labeled compounds, all carrier-free, were 'RbCl, Na"H'PO, Na35O4, "NaCl, "CaCl,, and Na"Cl. Organic compounds had the following specific radioactivities: 3-o-methyl-D-glucose ("C-i), 10 mc/mmole; L-leucine ("C-1), 12 Several different procedures were used for measuring absorbed solutes. Root samples which took up labeled C1-were boiled briefly in 5 ml of water; 2-ml aliquots of the extract were placed on aluminum planchets, dried, and counted with a Nuclear-Chicago gas flow counter. For other ions, root sections were placed on planchets, dried, and ashed; the ash was spread by adding 0.5 ml of 1% Triton X-100, after which planchets were redried and counted. Corrections were made for selfabsorption as needed. Uptake of 3-o-methyl-D-glucose was measured by the method of Hancock (7) . Roots containing labeled leucine and glutamic acid were boiled and homogenized in water; counts for water extract and homogenate were combined to obtain total uptake, which was corrected for selfabsorption of tissue. Roots incubated in "P solutions were homogenized in 10% perchloric acid at 5 C and centrifuged at 5 (14) . Desorption experiments indicated that net uptake rather than exchange was measured for most ions. Exchange probably was involved in Ca2+ accumulation, and the data for NO2-were complicated by NO2-reduction. All glassware was rinsed thoroughly after washing, first with 0.5 N HCI and then with distilled water.
Cheesecloth and string were boiled in 0.05 N HCl and rinsed.
Water used in all solutions had electrical conductance less than 1 ,umho/cm'. All treatments were duplicated, and all experiments were repeated one or more times.
RESULTS
Effects of Toxin on Cation Uptake. Effects of toxin on Na+ uptake by low and high affinity mechanisms were tested by methods modified from those of Handley et al. (8) . Ca"+ was omitted from experimental and rinsing solutions, except as indicated. Results (Table I) show that toxin caused an increase in Na+ absorption from solutions containing Na+ at 0.2 or 20.0 mm. The rate of Na+ uptake was inhibited in the presence of Ca2+, as reported by others (8, 23) ; however, toxin stimulation of Na+ uptake was evident in the presence of Ca3+.
Toxin increased the simultaneous uptake of both Na+ and NOfrom the same solution (Table I) . Desorption for 30 min at 24 C in nonlabeled solutions showed that toxin treatment did not affect the rate of Na+ efflux. Roots of H. carbonum-resistant corn were included as a control in one experiment; toxin at concentrations of 2 to 100 ytg/ml did not stimulate Na+ uptake.
Potassium uptake was determined by established procedures, using 'Rb as a tracer (13 Desorption for 30 min at 24 C in an aerated solution containing CaCl, (0.5 mM) and RbCl (5 mM) resulted in 27% loss of K+ from control roots and 21% loss from toxin-treated roots. In another experiment, Na+, K+, and NO3-were included in the same solution, and uptake of each was determined. Toxin stimulated uptake of Na+ and NO3-but did not affect the rate of K+ uptake (Table II) . The same ion selectivity was evident with both high and low concentrations of Na+ and K+ in solutions.
Calcium accumulation by most plants is slow and may not depend on energy of metabolism. Corn differs in that roots absorb Ca`at rates similar to those for many other ions, and uptake may depend on metabolic energy (17) . Our experiments with Ca`were patterned after those of Maas (17) . Experimental solutions contained Ca(NO3), labeled with "Ca (0.05 ,uc/ml). Roots were rinsed with water rather than with CaCl, (Table III) show that toxin caused 22 to 43% stimulation of Cl-uptake from both low and high Cl-concentrations. Stimulatory effects were evident in the presence of Ca2 , which increased the rate of Cl uptake by control roots. Desorption in nonlabeled solutions at 24 C for 30 min gave 4 to 20% loss of Cl-from both toxintreated and control roots. Toxin stimulated NO3-uptake much more than Cl-uptake, from the same solutions (Table III) .
Phosphorus is metabolized rapidly in plant cells, in contrast to the other ions discussed so far. Corn roots can absorb H2PO,-(or HPO,2-) by two mechanisms, both requiring Ca2" for maximum efficiency. The high affinity mechanism operates with less than 0.01 mm phosphate in solution, whereas the low affinity mechanism operates when phosphate concentrations are above 0.02 mM (1) .
Toxin-treated and control roots were incubated in solutions (pH 4 whereas it increased NO3-uptake by 76%. In another experiment, roots from the test solutions were homogenized, and several forms of phosphate in the extract were measured. Experimental conditions were as described above, except that phosphate in the ambient solution was 0.4 mm, labeled with 3P at 53,000 cpm/ml. Toxin-treated and control roots had 64 and 63 nmoles P/g fresh wt in the perchloric acid-soluble orthophosphate fraction. The acid-soluble organic phosphate fraction was 99 and 112 nmoles P/g for toxin-treated and control roots, whereas the insoluble residue was 3 nmoles/g in each case. Thus, toxin had no effect on phosphate uptake or incorporation into organic molecules. Standard procedures (9) were used to test for possible effects of HC toxin on SO2-uptake by corn roots. The uptake medium (pH 5.0) contained CaCl2 (0.5 mM), KNO3 (0.4 mM), and Na2SO, labeled with 'S to give 2200 cpm/ml. Three concentrations of SO42-were used: 0.002, 0.02, and 0.2 mm. The solution for NO3-uptake, for reference, contained 0.02 mM so4'-. Control roots took up to 17, 25, and 49 nmoles SO42-/g fresh wt from solutions with 0.002, 0.02, and 0.2 mM SO42-.
Toxin had no effect or gave a slight inhibition (19%) of SO4'-uptake at all SO4'-concentrations, whereas NO3-uptake was stimulated as usual (145%). Desorption for 30 min in nonlabeled SO42-solutions removed 10 to 20% of the 35S from both toxin-treated and control roots.
Accumulations of NO2-and NO3-by toxin-treated and control roots were compared by previously used methods (16, (7, 27) .
The ability of HC toxin to cause such changes was tested for comparative purposes.
Methylglucose is accumulated in plant cells by the glucose transport system (24) but is not metabolized (7, 24) . Its efflux in the presence of glucose is said to require energy of metabolism (24) . HC toxin caused 25 to 30% increase in 3-o-methylglucose uptake by corn roots; NO3-uptake was doubled in the same experiment (Table IV) . Methylglucose was not lost by toxin-treated or control roots during desorption in a CaCl. solution; methylglucose was lost (25%) by both types of roots during desorption in a glucose solution. Thus, HC toxin increased methylglucose uptake but had no effect on efflux.
HC toxin stimulated uptake of leucine by about 25% but had no effect on uptake of glutamic acid. Uptake of NO3-from an amino acid-containing solution was increased 159% by toxin (Table V) . Glutamic acid did not affect leucine uptake or toxininduced uptake, but leucine inhibited the uptake of glutamic acid (Table V) . The effects of toxin on leucine uptake and in- Leu-C'4 Exposure (min)
were used. Supple- CaCl2 (0. were rinsed in leucine solution without label, blotted, and placed in 0.5 ml 95% ethanol for 12 hr. Soluble leucine was determined from the radioactivity of the ethanol. Root sections were rinsed three times in 95% ethanol and held for 1 hr in 0.5 ml HCI (6 N) at 95 C.
Leucine incorporation was determined from radioactivity in the HCl solution. Tox: toxin; CK: control; Sol: ethanol-soluble leucine; Insol: ethanol-insoluble residue.
corporation into alcohol-insoluble portions of the cell were determined in another experiment, using different conditions. Toxin increased the rates of leucine uptake and incorporation and increased the size of the soluble leucine pool (as defined by Oaks) (19) (Fig. 1) . Corn roots are known to absorb solutes more rapidly following washing (14) or aging (19) . We 
DISCUSSION
Concentrations of specific solutes were higher in toxintreated than in control tissues; the increase resulted from greater net uptake rather than from decreased leakage or increased exchange. In no case did toxin-treated roots lose significantly more or less solute than did control roots during a 30-min desorption period; with one exception (Cae+), there was little or no loss of test solutes. We hypothesize from these results that brief exposure to toxin causes specific changes in the plasma membrane which result in increased capacity to transport certain solutes into the cell and to retain them. Membrane changes could result directly from a toxic lesion, or changes could be secondary to other toxic effects. We have considered the possibility that solute uptake is complicated by microbial contamination. Aseptic conditions were not maintained for the experiments reported here. However, stimulation of nitrate reductase activity by toxin occurred under aseptic conditions (31 
